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Semiconductor ring lasers ͑SRLs͒ are attractive as light sources for optoelectronic integrated circuits, ultrashort pulse generation, and rotation sensing. For the latter application, large-area rings are desirable in order to enhance the Sagnac frequency shift.
1 Quantum-dot ͑QD͒-based active regions are a natural choice for large-size SRLs, because of demonstrated low threshold current densities ͑24 A/cm 2 ͒ and low internal losses ͑0.77 cm −1 ͒ in edge-emitting QD lasers. 2 In this work, we use a six-stack "dots-in-a-well" ͑DWELL͒ QD structure 3, 4 for fabrication of SRLs monolithically integrated with passive waveguides and monitoring photodiodes. We demonstrate SRLs with the lowest reported threshold current density and a record-high suppression of counterpropagating waves, improving by about a factor of 10 over the previous result obtained using quantum-well ͑QW͒-based SRLs. 5 DWELL-type QD wafers are fabricated by molecularbeam epitaxy. 3 InAs QDs are embedded inside 5-nm-thick strained In 0.15 Ga 0.85 As QWs with 15-nm-thick GaAs barriers. The total thickness of the QD active region is 135 nm. Wafer processing includes several steps with different photolithographic masks, including: ͑1͒ inductively-coupled-plasma ͑ICP͒ etching to define 3-m-wide ridge waveguides; ͑2͒ ICP etching to form isolation trenches; ͑3͒ deposition of dielectrics; and ͑4͒ metallization.
The topology of an integrated SRL is shown schematically in Fig. 1 . A racetrack-shaped ring cavity is evanescently coupled to passive waveguides; which carry the laser output to integrated photodetectors ͑PDs͒. The waveguides are tapered to reduce back-reflections from PDs. In addition, each PD is electrically isolated from lasers and waveguides by deep trenches cutting across the p-n junction. Photocurrents of PD1 and PD2 correspond to the clockwise ͑CW͒ and counterclockwise ͑CCW͒ traveling waves in the ring cavity, respectively. An S-section 5, 6 is used to introduce directional asymmetry and to exert directional control of the SRL output. The S-section has its own contact, independent of the ring laser. Packaged devices are thermostabilized near room temperature ͑15°C͒ by a thermoelectric cooler. We previously reported on devices of the same geometry fabricated from QW laser wafers, but with quite different performance. 7 The total ring cavity length is 10.28 mm for SRLs with the S-section as shown in Fig. 1 . We have also fabricated smaller integrated ring lasers without the S-section, with the same radius of curvature of 1 mm, but shorter straight sections. Figure 2 shows the temperature dependence of lasing threshold of a QD ring laser with a cavity length of 8.78 mm ͑straight sections 1.25 mm long͒ and without the S-section structure. The light response is taken by an integrated photodetector PD1, collecting the CW output from the ring cavity. The characteristic temperature T 0 extracted from these data is ϳ71 K. The dc threshold current density j th ͑esti-mated by neglecting the lateral current spreading͒ at 15°C for this device is ϳ300 A / cm 2 , which is the lowest ever reported for semiconductor ring lasers. This value is quite reasonable, being at a level of 50 A / cm 2 of 1100 A / cm 2 for QW ring lasers with similar ridgewaveguide structure. 8 The lasing wavelength in all devices was ϳ1.24 m, corresponding to the ground-state emission of QDs. Figure 3 shows the influence of the S-section bias on SRL unidirectionality for a QD ring laser with a structure shown in Fig. 1 , configured to favor the CW waves. Simultaneously collected signals from the integrated photodetectors PD1 ͑CW wave͒ and PD2 ͑CCW wave͒ are shown in Fig. 3͑a͒ by closed and open symbols, respectively, for a range of S-section bias voltages. The ratio of these two signals, defined as the counterpropagating wave suppression ratio ͑CWSR͒ and used as a measure of the ring laser unidirectionality, is shown in Fig. 3͑b͒ . When the S-section is left unbiased or is reverse biased at −4 V, a typical behavior is bidirectional lasing just above threshold ͑up to 10-20% above the threshold current͒ and lasing with predominance of one direction at higher currents. However, directional competition is not completely suppressed, with the CWSR of 10-20 dB. As shown in Fig. 3͑b͒ , the waves propagating in the "unfavored" direction are even more intense than the desirable waves in the current range of 230-330 mA, where the CWSR falls below 1.0. In contrast, when the S-section is forward biased, a remarkable improvement in SRL unidirectionality is observed: ͑1͒ The nonfavored waves are suppressed to the level of spontaneous emission, with CWSR as large as 30 dB and more; and ͑2͒ stable unidirectional lasing is achieved, corresponding to the regime of pure traveling waves. Generally speaking, CWSR is found to grow when the S-section bias increases from −4 V ͑reverse bias͒ to +80 mA ͑forward bias͒.
For a clearer comparison, two pairs of curves are taken from Fig. 3͑a͒ for the S-section unbiased and biased at 80 mA, and shown on a logarithmic scale in Figs. 4͑a͒ and 4͑b͒, respectively. As can be seen, when the S-section is unbiased, lasing operation occurs in both the CW and CCW directions at nearly the same threshold current. Hence, just above threshold, lasing is bidirectional. When the S-section is biased at 80 mA, the CCW mode is completely suppressed, down to the level of spontaneous emission. This leads to a very high CWSR of 20-30 dB in most of the above-threshold range.
The CWSR as a function of S-section forward bias current is shown in Fig. 5 for the same QD ring laser at different pumping levels. At the pumping current of 200 mA ͑0.9 times the threshold current I th ͒, the ring only generates spontaneous emission. The S-section bias has almost no effect on CWSR. At the pumping current of 250 mA ͑ϳ1.1 I th ͒, the S-section current at less than 5 mA can make the CW direction predominant. With the increase in the S-section current, the CWSR is slightly increased. At higher pumping currents, the laser operates predominantly in the direction favored by the S-section even without biasing the latter, although forward-biasing the S-section improves the CWSR by at least a decade. The highest unidirectionality, with CWSR exceeding 1000 ͑30 dB͒, is observed when the ring laser is pumped at 940 mA ͑ϳ4.2 I th ͒ with the S-section current above 80 mA. This level of unidirectionality in QD ring lasers is much higher than in otherwise similar SRLs with QW active regions. 7, 9 When compared to the best previous result obtained using QW-based SRLs, 5 the CWSR is improved by about a factor of 10.
The mechanism of directional competition and control in S-section SRLs is rather complicated, as it can be influenced by multiple phenomena, such as conservative and dissipative scattering, 10 nonlinear saturation effects, and multilongitudinal-mode interactions, in addition to redirection of light through the S-section. Our results indicate that the spontaneous emission seeding also plays an important role in directional competition. When the S-section is unbiased or reverse-biased, directional control relies mainly on loss difference between the CW and CCW waves. In the configuration of Fig. 1 , this selection mechanism is not sufficient to assure operation in the favored direction, as the coupling of CCW light from the ring into the S-section is relatively small. In contrast, spontaneously emitted light from the S-section is strongly coupled to the ring, which explains why the forward biasing of the S-section is very effective in maintaining stable unidirectional operation in the favored direction.
Other factors that likely contribute to higher CWSR in QD-SRLs include low threshold current density and low internal loss ͑implying low backscattering͒, 2 as well as a lower density of states that results in earlier saturation of absorption in the unbiased S-section. The determination of relative contributions of various mechanisms of counterpropagating mode competition in SRLs requires further studies.
In conclusion, we report large-size ring diode lasers with the InAs/ InGaAs/ GaAs QD active region, monolithically integrated with outcoupling waveguides and photodetectors. Record low threshold current density of 300 A / cm 2 is achieved for dc operation at 15°C. Directional control is demonstrated by forward biasing the S-section, with stable traveling-wave ͑unidirectional͒ operation characterized by the suppression ratio of counterpropagating waves as high as 30 dB. The CWSR achieves 30 dB at currents of 900 mA and above. This result is 10-fold better than the previously reported highest level of CWSR in otherwise similar QWbased SRLs.
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